INTRODUCTION
The study area was selected as a case study to investigate the potential vulnerability of Yemen water resources to climate change. The area (Fig. 1) is part of the southwestern drainage basin of Yemen and covers wadi catchments that originate within the higher rainfall areas of the southern highlands and midlands of the country and drain toward the Gulf of Aden coastal plain. The study basin comprises Wadi Bana and Wadi Hassan (together comprising 7400 km 2 ) and Abyan Delta (6100 km 2 ). Wadi Bana and Hassan represent the high and mountainous area (upper catchment), whereas Abyan Delta is the intermediate low coastal plain (lower catchment). The study area has special social and economical importance not only because it encompasses the main well field that supplies water to Greater Aden but also because it includes major agricultural activity. The upper reaches of the wadis are well populated and agriculturally developed. This paper discusses the elements pertinent to the technique selected for assessing the gains and losses for water resources and water management as a result of global climate change.
INVESTIGATIVE PROCEDURE
To investigate the potential vulnerability of Yemen's water resources to climate change, 4 interacting components of the water resource management model were developed (Fig. 2) : a Rainfall-Runoff Model (RRM), an Irrigation Simulation Model (ISM), a Groundwater Simulation Model (GSM), and an Economic Policy Model (EPM). The simulation models, although created as stand-alone models, complement each other, and linking routines can be easily implemented. A brief description for each model is given below.
The Rainfall-Runoff Model
The US Soil Conservation Service (SCS 1964 (SCS , 1972 method was used to model runoff response to rainfall in the study area. It is believed that this model offers a realistic interpretation of the hydrological processes experienced in Yemen (TSHWC 1993a) . The model is relatively simple, using the tried and tested SCS method of estimating daily runoff volumes from rainfall, along with 2 linear reservoirs to represent soil and alluvial baseflow stores. The model attempts to represent the likely variability in runoff response over a catchment by using up to 8 runoff characteristic types in any wadi and by using a distributed rainfall input. The runoff response to rainfall is varied according to the moisture status for the preceding 10 d for each runoff characteristic zone type using a simple function of curve number and antecedent rainfalls. The model has been shown to produce correct volumes of runoff for the western wadis of the country, where data are more abundant for verification (TSHWC 1993a) . With slight modification, a similar model has been successfully used in Sana'a Basin to estimate daily runoff (Alderwish & Dottridge 1995a) .
The Irrigation Simulation Model
The ISM was designed to estimate the quantity and timing of groundwater recharge, abstractions (amount of water pumped from wells), and crop water use and yields based on wadi flood flows and on the size of the irrigated area and groundwater pumping. It provides an analysis of the quantitative interaction of surface and groundwater so as to produce a time series of groundwater abstraction and recharge estimates re- sponsive to the variations in surface water supply and rainfall. Further description of this model can be found in van der Gun (1991) and TSHWC (1993b).
The Groundwater Simulation Model
For modeling of groundwater flow, a distributed differential model, which is the most sophisticated of the modeling methods, was selected. The catchment behavior is represented in differential form in both space and time. This modeling strategy was selected because of the nature of the hydrological processes encountered in arid areas and their high spatial and temporal variation. The distributed differential model was the first attempt ever to be used in climate change impact studies (Feenstra & Short 1996) . MODFLOW code was chosen due to team experience, and further description of this model can be found in Alderwish & Dottridge (1995b) . The model makes it possible to assess the long-and short-term groundwater yield in the study area, the aquifer response to climate changes, and the adapted measures.
The Economic Policy Model
The EPM is an optimization model that is used to examine the system response to various economic policies. Linear programming (LP) is used to formulate the EPM. The model can be used as an effective tool to analyze the impact of a variety of water management strategies and economic policy measures on resource allocation and regional economic development. Although it can be in the form of a goal programming method (Goodman 1984 ) that uses LP and permits consideration of multiple objectives (because the method facilitates the simultaneous incorporation of several desired objectives), more simplified representation of the physical scheme and processes can be used by concentrating more on characterizing the agricultural features of the area. Water demand in the agricultural sector consumes more than 90% of the total water resources of the country. The industrial and municipal water demands can be externally supplied to the model with corresponding objective function values to evaluate the water trade-off possibilities among different consuming sectors.
RESULTS
The runoff of Wadi Bana is characterized by frequent flood peaks and steep recessions (flash floods). For baseline conditions, the mean annual runoff is , and baseflow amounts to about 400 Mm 3 yr -1 (Negenman 1995). Some 90% of the runoff goes to irrigation, of which 66% is used during the 'Kharif' irrigation season (1 July to 15 October) and the rest during the 'Saif' season (16 March to 31 May). The total volume of groundwater abstraction for current condition is estimated to be 86.4 Mm 3 yr -1 . About 74.9 Mm 3 yr -1 is used for irrigation (3700 to 3900 ha), and 11.5 Mm 3 yr -1 for public water supply. Continuous storage depletion of the groundwater reservoir has been estimated to range between 10 and 15 Mm 3 yr -1 based on the decline of the piezometric levels and water balance equation, respectively. Table 1 lists current climate values together with values from 3 climate change scenarios for the study basin. Table 2 lists the values of surface water resources in the study area under current conditions and under climate change. In the opinion of Yemen climatologists, it is advisable (for the climate trend in Yemen) to expect climate change as predicted by the Oregon State University (OSU) model. With intermediate CO 2 concentration levels, the OSU model predicts The UKHI model predicts an increase of 86% of flood volume, whereas the ECHAM3TR model predicts a 6% decrease in surface water resources. UKHI and ECHAM3TR were selected to be included because they represent the wettest and driest conditions among 14 GCM models tested, respectively. These results should be considered preliminary, especially in regard to their application in predicting the available water resources of the study area under future climate change. This arises because the GCMs predict future climate change only on longer time intervals (no less than 1 mo). In arid and semi-arid areas, the spatial and temporal distribution of hydrological events is quite variable; hence, for reliable results, shorter time intervals (for example, daily) should be used to represent hydrological processes. This is in agreement with the statement that hydroclimatic conditions are the controlling factor in defining the scope of analysis and analytical technique to be selected. Furthermore, the abundance or scarcity of the resources is believed to control the accuracy of the results required, which, in turn, affects the choice of technique to be used. That is, the more limited the resources, the more accuracy required.
The area's water resources generally suffer from mounting pressure because of population growth, agricultural expansion, and industrial growth (which is usually a sign of 'progress'). Numerous water use conflicts are expected to emerge or will become worse. The vulnerability of the water resource system in the study basin is evident from over-exploitation of groundwater resources and the high variability of the surface water system, leading to grave problems of depletion and rising water cost.
The need for rational use of water resources in Yemen becomes even more urgent in view of the potential anthropogenically induced climate change, and such a strategy should be accepted as the water management policy in the country, as several adverse effects (such as desertification) could become more widespread. Investigations for the assessment of adaptation measures are being undertaken.
DISCUSSION
The management model is an effective tool for assessing the water resource impact and adaptation to climate change as it allows assessment of vulnerability as well as evaluation of adaptation measures. Interlinking the model components allows results and their reliability to be improved through the continuous interaction between the various components. The techniques of simulation and optimization may be employed in deriving their outputs. Linked application of the EPM with ISM and GSM will yield predictions that are more meaningful in the formulation of a water management policy, compared with predictions based on trial and error. The nature and structure of the proposed EPM is a simplified representation of the physical schemes and processes, but can nevertheless still provide accurate results. For example, where needed, the cropping patterns and water allocations suggested by EPM can be tested in detail by using the simulation models and a hydro-meteorological time series with a shorter time-step, and by incorporating the simulation of physical processes (such as the use of effective rainfall for cropping purposes, the soil moisture balance, and groundwater depletion). The simulation can provide feedback to the EPM in the form of more accurate estimation of the pumping costs based on the GSM estimated drawdown. Because of the well-known high variability of the spatial and temporal distribution of hydrological events in arid and semi-arid areas, differential models with short time-span simulations have been used to represent the hydrological processes of the study area. With reasonable accuracy, the baseline water resources of the study area have been assessed. However, when the 2 × CO 2 climate change scenario was included in the assessment of future available water resources, the accuracy of the assessment fluctuated as a result of insufficient representation of temporal variation of hydrological events (such as flooding) experienced over the study area. The monthly runoff data describe an average value for a highly variable wadi discharge, but they do not necessarily represent real surface water systems of the study area. For ephemeral wadis, flood duration is the controlling factor that determines the volume of groundwater recharge (Reeder et al. 1980) . The shorter the flood duration, the less the recharge to aquifers. High floods will be partly lost to the sea (Alderwish & Dottridge 1998) .
Another limitation with GCMs that would affect selection of measures to be adapted is that the models predict significantly different outcomes, and it is not possible to determine which scenario best represents future conditions. These limitations become more crucial under circumstances of scarce water resources and more complicated with the anticipated decrease in water resources under anthropogenically induced climate change and rapid growth; hence, any results should be considered preliminary, especially in application to the water resources of the nation of Yemen. More research is required to improve the results of GCMs and to cover other parts of the country.
